Experimental methods to supply nutrients to culture solutions in order quantitatively to control plant nutrition are compared. In experiments with tomato and birch plants, for which the data are available in databases , the nutrients were supplied at constant relative addition rates (ffj over sufficiently long periods of time to achieve acclimated plants and reliable measurements of plant responses. The plants were maintained under steady-state conditions, i.e. the internal nutrient concentrations (c,) remained constant, as a result of a numerical equality between the relative uptake rate (RJ and the relative growth rate (fl o ). These results are compared to experiments with pea plants (Macduff et al., 1993) . In one series (a), R A was applied, but without strict control of internal steady-state, and in the other series (b), the external concentration (c a ) was maintained constant. With limiting nitrogen, in both series, there was a substantial deviation from equality between R u and R o . In (a), c, changed during the experimental period and the purpose of the R A approach was lost. In (b), a constant c o had little effect on nitrogen uptake and plant growth. At the three highest concentrations, steady-states were obtained at non-limiting uptake rates. At the lowest concentration, the uptake rate of nitrogen was about the same, but there was a decrease of R o , which apparently was not caused by reduced uptake. Clear-cut relationships can not therefore be established between treatment variables and plant responses and the conclusions reached by Macduff et al. (1993) have little support in their experimental results. This indicates an urgent need to update both theories and experimental methods together: in particular, it is important to identify the system under investigation and to distinguish between control of the medium and control of the plant.
Introduction
Historically, effects of nutrient supply on plant nutrition and growth have been established by research in which the state of the art claims that nutrient uptake is determined by the external nutrient concentration. The relevance of this simplified approach was questioned by Ingestad (1982) because uptake is time-related whereas concentration is not and because plant size and quantitative needs are decisive driving variables for uptake. He suggested that the nutrient addition rate, related to plant size, should be used as a more appropriate experimental variable for nutrient supply. In this approach, the flux of added nutrients is quantified as a 'relative addition rate', i.e. added amount of nutrient per unit of time and per unit of nutrient already present in the plant. An experimental comparison between 'the relative addition rate (RAR) approach' and 'the external concentration approach' has recently been reported by Macduff et al. (1993) . They concluded that 'plant response to N supply is intrinsically independent of the method employed' and that it 'remains uncertain whether there are plant responses that are specific to RAR\ The aim of this paper is to discuss these conclusions by comparing some of their results with data for tomato and birch plants grown 1 To whom correspondence should be addressed. Fax: +46 40 46 57 43. Symbols and abbreviations: c,, Nutrient concentration in the root medium; c h nutrient concentration in the plant; DWp, plant dry mass; FA, free access to all nutrients; n, nutrient amount in the plant; Np, nitrogen amount in the plant; R A , relative addition rate; fl Q , relative growth rate; fi^ relative uptake rate; f, time; V, solution volume; W, plant biomass.
under steady-state conditions. These data are to be found in previously published databases .
The purpose of using culture solutions in experiments is to achieve well-defined conditions and reproducible measurements of plant responses. The main advantage of a solution as the root medium is that the plant can easily be separated from the medium, thereby facilitating observations and measurements of root and whole plant activities. A solution is also an ideal medium for clear quantification of accessible nutrient elements and the method is entirely designed to investigate the plant system without relevance to soil systems. None-the-less, the fundamental and general relationships between the relative nutrient uptake rate and the relative growth rate, and the equality between these variables under steady-state conditions (Ingestad, 1982; Agren, 1985; Agren, 1992, 1995) , are, of course, independent of the nature of the root medium. These parameters quantify the flux of nutrients that must be made available to the plant, in any A comparison between methods 119 medium and by any method, in order to achieve an unchanged physiological state of the plant. These principles were applied in generating the databases .
Methodological definitions
The 'relative addition rate approach' is based on the condition that the plant is maintained in a constant physiological state, so that the internal nutrient concentrations, n/W, remain constant during the experiment, i.e.:
This condition is equivalent to:
where dn/dtx \/n is the relative uptake rate (R v ) of any nutrient (n) and dW/dtx \jW is the relative growth rate (RQ) of plant biomass (W). Thus, to maintain plants in a steady-state, nutrients must be added with a relative addition rate (R A ) that is constant and numerically equal to Ru and R G . The experimental accuracy achieved with this method has been confirmed since the 1970s in many publications (see reviews by Ingestad, 1982; Agren, 1985; Ingestad and Lund, 1986; Ingestad and Agren, 1988 , 1992 , 1995 . The 'external concentration approach' requires a constant concentration of nutrients in the culture solution (c t , n/V, where Kis solution volume) to be quantitatively defined. However, concentration can not be maintained constant, since, in agreement with equation 2, uptake will decrease concentration from c^ to c e according to:
Thus, in a constant volume, k = R v , and the addition of nutrients to restore concentration, must be equal to the uptake, i.e. R A = R V . Depletion can not therefore be shown to be related to any specific concentration, but rather to a change of concentration that is equivalent to a particular relative uptake rate.
To be quantitatively comparable with uptake, nutrient availability must be expressed by the flux of nutrients in the root medium, i.e. concentration multiplied with flow rate (n/Vx dV/dt). When flow rate is high, concentrations that limit uptake are so extremely low (<1 mmolm"
3 ) that they are difficult to define in time and space (Olsen, 1950 (Olsen, , 1953 Ericsson, 1981; Ingestad, 1981) . 
Comparisons of nutrient uptake and growth
In this analysis three types of experiments are compared. The first type (a) represents experiments in which the relative addition rate was used, but apparently without strict control of the steady-state condition. The second type (b) represents the 'constant concentration approach'. Data from the first and second types of experiment were derived from Macduff et al. (1993) . The third type (c) represents experiments that are strictly controlled by the use of a constant relative addition rate of nitrogen at light saturation. Tomato and birch plants were grown under steady-state conditions for a sufficiently long period of time, R G xt»l (Agren, 1985) , to achieve steady-state internal concentrations . Data from Macduff et al. (1993) were estimated from their diagrams and are reproduced in Figs 1 and 2. Although this method is somewhat lacking in precision, the accuracy is well above the required level. In our analysis of the different experiments, only reproducible data were used to estimate the nitrate uptake rate and the corresponding growth rate, i.e. data obtained after the acclimation period required to achieve a constant relative uptake rate. The first day after acclimation (day zero, D o ) was identified from Fig. 1A and B for experiments (a) and (b), respectively. In the steady-state experiments (c), this is a basic routine procedure (see Fig. 2 in .
To make direct comparisons possible, uptake and growth data were normalized by setting the measured nitrogen amount (Fig. 1C, D) and plant dry mass ( Fig. 2A, B) equal to 1 at day D o . Thus, the linear relationships between the logarithmic values and time were all moved in parallel to pass through the origin (In NO 3 =0 and In DW P = 0) on day D 0 . Relative uptake rates of nitrogen (Ry) and relative growth rates (R G ) were then calculated by curve fitting . The results from the experiments with tomato and birch plants are shown in Fig. 3 and Fig. 4 , respectively.
Discussion
The relationships between nutrient uptake and growth, formulated in equations (1) and (2), specify the experimental conditions that are necessary to attain steadystates. The conditions can be used to distinguish true plant responses from observations which are the result of experimental imperfections. Thus, the requirements for a useful and accurate experimental method are clearly defined and the conditions can, with high precision, be directly applied to culture solutions, as demonstrated in Figs 3 and 4 and in the databases (Ingestad et cil, 1994a, b) . Plant nutrient status must be kept constant for a sufficiently long period of time (R G x t»\, Agren, 1985) and there must be a sufficiently wide range to establish significant and reliable relationships between variables of interest. The fitness of a method to meet these conditions can easily be tested by checking whether the conditions in equations (1) and (2) are fulfilled. This test is made in Fig. 5 , showing the relationships between uptake (R v ) and growth (R G ).
In the 'relative addition rate' experiments with pea (a), the relationship between R v and R G is below the theoretical 1:1 relationship, i.e. R V >R G , but the cause of the growth limitation is not explained. This indicates that internal plant nutrient concentrations increased during the measurements, a condition that can be maintained for only a restricted period of time, and that reproducible measurements were not achieved. The question arises as to which status or change of status the experiments represent. In any case, the main purpose of the 'relative addition rate approach' is lost, i.e. the maintenance of a steady-state.
In the 'constant concentration' experiments with pea (b), the relative uptake rate is almost independent of the treatment variable, the external nutrient concentration (Fig. ID) . This is also true of the growth rates, except for the lowest external concentration (Fig. 2B) , for which, again, the growth limiting variable is not identified. At the three highest concentrations, 10, 20, and 100 mmol m" 3 , R v and R G are close to the 1 :1 relationship. This confirms that free access to nitrogen and a steady-state was attained in these treatments. The relationship at the lowest concentration, 3mmolm~3, falls far below the theoretical relationship. Consequently, in this study, no clear quantitative relationship can be shown to exist between the external nitrogen concentrations and the plant responses in terms of nitrogen uptake and growth. Thus, the method is clearly not useful for the investigation of nitrogen limitation.
The use of R A under steady-state conditions in the experiments with tomato and birch (c), fulfils the condition of a close numerical equality between R v and ^? c over a broad range of uptake and growth rates for the two investigated plant species. Theory and experimental reality coincide and it is possible to establish, with high precision, a variety of plant responses that are unambiguously related to the physiological state of the plant. Within a congruous research programme the environmental conditions that influence this state may be clearly identified and possibly quantified, even those representing the maximum relative growth rate . It should be noticed that the method is very efficient and, therefore, cost-effective. It requires, of course, a certain experimental skill, but the basic principles are simple and straightforward. In the light of these results and conclusions, it is difficult to understand the comments made by Macduff et al. (1993) . The statement that quantitative plant responses are independent of the method employed is clearly rejected by this analysis of data. The simple, fundamental and purely mathematical relationship between R v and R G is a causal necessity and can not be argued. All flow rates, not only R v , but also partitioning rates, have to be subordinate to the realization of a constant R G .
